Pelargonium graveolens L'Hér, also referred to as rose geranium, is a popular herbal plant with typical rosy fragrance largely based on the blend of monoterpenoid constituents. Among them, citronellol, which is biosynthesized from geraniol via double bond reduction, is the most abundant scent compound. In this study, three 12-oxophytodienoic acid reductases (PgOPR1-3) have been cloned from P. graveolens, as possible candidates for the double-bond reductase involved in citronellol biosynthesis. The bacterially expressed recombinant PgOPRs did not reduce geraniol to citronellol, but stereoselectively converted citral into (S)-citronellal in the presence of NADPH. Thus, the α,β-unsaturated carbonyl moiety in the substrate is essential for the catalytic activity of PgOPRs, as reported for OPRs from other plants and structurally related yeast old yellow enzymes. PgOPRs promiscuously accepted linear and cyclic α,βunsaturated carbonyl substrates, including methacrolein, a typical reactive carbonyl compound. The possible biotechnological applications for PgOPRs in plant metabolic engineering, based on their catalytic properties, are discussed herein.
Pelargonium graveolens L'Hér (Geraniaceae), commonly called rose geranium, is a very sweet-smelling plant emitting the blend of various volatiles, including acyclic monoterpenoids such as geraniol, citral, linalool, and citronellol and their ester derivatives [1] . Among them, citronellol is the major constituent accounting for 20 to 40 % of P. graveolens essential oil [1] . Citronellol is a valuable perfume compound and flavoring agent, as this monoterpene presents an intense rose-like odor with a low threshold value of 50 parts per billion [2] . The P. graveolens essential oil, so called geranium oil, is frequently used for aromatherapy, and in recent years, pharmacological activities of geranium oil and citronellol, including their anti-inflammatory effects, have been extensively studied [3] [4] [5] . In addition, citronellol shows considerable insect-and arthropod-repellent [6, 7] , as well as antibacterial and antifungal properties [8, 9] , indicating that this monoterpene accumulates in large amounts for plant self-defense, together with other biologically active monoterpenoid constituents [6] [7] [8] [9] .
With respect to the biosynthesis of citronellol in P. graveolens, a previous study using crude enzyme preparation demonstrated that citronellol is formed from geraniol via double-bond reduction catalyzed by an NADPH-dependent enzyme named geraniol reductase (Pathway A in Figure 1 ) [10] . Similar geraniol reducing enzyme activity has also been detected in the petal extract from rose (hybrid tea rose 'Fragrant Cloud') [11] . However, the structure and function of geraniol reductase have long been unclear because geraniol reductase has neither been purified nor cloned to date. Recently, interesting results related to citronellol biosynthesis have been reported by Yuan et al. [12] : They demonstrated that the purified recombinant Hevea brasiliensis 12-oxophytodienoic acid reductase (OPR) and Saccharomyces cerevisiae old yellow enzyme (OYE) 2 could catalyze the reduction of the double bond in geraniol to yield citronellol, as in the case of geraniol reductase reaction. This report provided a clue to the long-existing mystery of citronellol biosynthesis, but was rather surprising because OPR and OYE generally reduce double bonds adjacent to electronwithdrawing groups such as carbonyl groups [13] . Thus, geraniol, an allyl alcohol, did not seem to be a good substrate for OPR and OYE until Yuan's report was published [12] . However, if P. graveolens OPRs are also able to catalyze the geraniol to citronellol reduction, OPRs could be potential candidates for the citronellol biosynthetic enzyme in this plant.
Plant OPRs, which are members of OYE family, are NADPHdependent reductases containing non-covalently bound flavin mononucleotide (FMN) as a cofactor [14] . Plant OPRs are classified into two subgroups. OPR subgroup II members are localized in peroxisomes and catalyze the double-bond reduction of 12-oxophytodienoic acid to 3-oxo-2-(2'-pentenyl)-cyclopentane-1octanoic acid (OPC8:0) [15, 16] . Since OPC8:0 is a precursor of jasmonic acid, the subgroup II OPRs are implicated in jasmonic acid biosynthesis [15, 16] . On the contrary, the physiological functions and substrates for OPR subgroup I members are currently unclear. Recent studies using recombinant OPRs have suggested that, like yeast OYEs, members of both OPR subgroups promiscuously accept various substrates having the α,β-unsaturated carbonyl group to reduce the double bond [13] . For example, tomato (Solanum lycopersicum) OPR1 and OPR3, belonging to subgroup I and II, respectively, reduce an acyclic monoterpene citral to stereoselectively produce (S)-citronellal [17] .
Notably, Iijima et al. [18] have recently reported the novel biosynthetic pathway of citronellol, including citral and citronellal as intermediates (pathway B in Figure 1 ). They confirmed that pathway B operates in the ginger (Zingiber officinale) rhizome, coincidentally with pathway A. The metabolic pathways in ginger rhizome were established based on the incorporation patterns after conducting a feeding experiment with deuterium labeled geraniol [18] . Pathway B included three reaction steps: 1) geraniol dehydrogenation to give citral; 2) double bond reduction of citral to form citronellal; 3) a final reducing step to produce citronellol. Geraniol dehydrogenase, which catalyzes the first step in pathway B, has been identified in several plant species including P. graveolens and Z. officinale [10, [18] [19] [20] [21] [22] . However, enzymes physiologically catalyzing the latter two steps of pathway B have not yet been identified. We presumed that OPRs might also candidates for the double-bond reducing enzyme in pathway B found in ginger, because of the citral-reducing activity reported for tomato OPRs [17] .
Based on these backgrounds, in the present study, we cloned and characterized three OPRs from P. graveolens (PgOPR1-3) as potential candidates for the double-bond reductase implicated in citronellol biosynthesis. Substrate specificities and kinetic analyses of the recombinant PgOPRs showed that these enzymes could reduce broad substrates, including the small aldehyde methacrolein.
At the initial step of this study, the young leaf transcriptome of P. graveolens was analyzed by means of a next-generation DNA sequencer Genome Analyzer IIx (Illumina), as described in the materials and methods. Then, de novo assembly of the short-read sequences generated 388,310 contigs longer than 200 bases. BLAST searches against the established transcriptome database identified three contigs having high homology to known OPR sequences from other plants. The encoded proteins were termed PgOPR1-3. To unequivocally determine their cDNA sequences, we performed 5' and 3' RACE to obtain the terminal regions' sequences of respective genes. Then, the coding regions for PgOPR1-3 cDNAs were amplified, subcloned into a bacterial expression vector pQE80L and sequenced. The determined cDNA sequences for PgOPR1-3 were deposited to DDBJ DNA databank with accession numbers LC157913, LC157914, and LC157915, respectively. The PgOPR1-3 genes contained 1,116, 1,152, and 1,197-bp open reading frames encoding 371, 383, and 398-amino acid polypeptides, respectively. The deduced amino acid sequences showed high (50~70 %) identities to those of plant OPRs [23] , and they also had considerable (~40 %) identities to yeast OYEs such as S. cerevisiae OYE2 [24] . Multiple sequence alignment confirmed that most catalytic and FMN-binding residues of OPR enzymes [25] are conserved in PgOPR1-3; however, in the PgOPR2 sequence, two catalytic residues Trp107 and Phe352, and one FMN-binding residue Tyr353 (numbering in PgOPR1) are uniquely replaced by Cys, Val, and Ser, respectively ( Figure 2 ). In addition, C-terminal SRL tripeptide, a typical peroxisomal targeting sequence [26] , was observed in PgOPR3 as in the case of subgroup II OPRs involved in the jasmonate biosynthetic pathway [16] . Phylogenetic tree analysis of PgOPR amino acid sequences with various plant OPRs clearly indicated that PgOPR 1 and 2 are members of subgroup I OPRs, whereas PgOPR3 is a member of subgroup II OPRs ( Figure 3 ). These results suggested that PgOPR3 is most likely implicated in jasmonate biosynthesis in P. graveolens plant, whereas PgOPR1 and 2 belong to subgroup I OPRs [27] .
The recombinant PgOPR1-3 were bacterially expressed as hexahistidine-tagged forms and purified by nickel chelate affinity Using the purified recombinant PgOPR1-3, the double-bond reducing activity was first assayed with geraniol as a substrate. However, GC-MS analyses of the reactions detected no products, indicating that geraniol is not a substrate for PgOPR1-3, contrary to the previous report that H. brasiliensis OPR and yeast OYE2, structurally related to PgOPRs, could accept geraniol as a substrate [12] . We thus next assayed enzyme activity of PgOPRs with citral as substrate. As shown in Figure 5 , the GC-MS profile clearly demonstrated that PgOPR1 has intense activity in reducing citral to produce citronellal in the presence of NADPH. Citral is a mixture of two geometrical isomers geranial ((E)-citral) and neral ((Z)-citral), and these two isomers are spontaneously transformed into each other by keto-enol tautomerization. Thus, the commercially available citral is a mixture of both isomers [28] . It was interesting that PgOPR1 reduced cis-isomer neral more effectively than transisomer geranial. Likewise, PgOPR2 and 3 also preferred neral over geranial as the substrate to give citronellal, but their catalytic activities were lower than that of PgOPR1 (Data not shown). PgOPR2 was catalytically active in the citral-reducing reaction despite this isozyme containing some amino acid substitutions in the active site as described above.
There are some previous reports that OPRs and OYEs reduce citral into citronellal, and the reaction stereoselectivities are dependent on the enzymes used. For example, S. lycopersicum OPR1 and 3 reduce citral to predominantly produce (S)-citronellal with more than 95 % ee values [17] . On the other hand, yeast OYE2 yields (R)-citronellal as the major reaction product [29] . To confirm the stereoselectivity of the citronellal formation by PgOPRs, the enzymatically-produced citronellal was resolved by a chiral-phase column Supelco β-DEX225 on GC-MS analysis [30] . As shown in Figure 6 , PgOPR1 produced (S)-citronellal and (R)-citronellal at a molar ratio of ~95:5, also was it true for PgOPR2 and 3 (Data not shown). Thus the stereoselectivity of citronellal producing reactions by PgOPRs were similar to those reported for tomato OPRs [17] , indicating their similarity in the catalytic mechanisms. To assess the possibility that native PgOPRs participate in citral metabolism in the P. graveolens plant, we made efforts to detect the citral reducing activity in the crude protein extract prepared from young leaves of P. graveolens. However, the corresponding activity was not detected although various enzyme preparations and reaction conditions were tested. Thus at present, it is difficult to discuss whether PgOPRs are involved in monoterpenoid metabolism, and the pathway B (Figure 1 ) operates also in P. graveolens plant as reported for ginger rhizome [18] .
Next, the substrate specificities of PgOPRs were analyzed using various α,β-unsaturated carbonyl compounds as possible substrates, and the kinetic constants for each substrate were calculated (Table  1 ). Since the recombinant PgOPR2 was poorly expressed in our bacterial expression system, we focused on PgOPR1 and 3 for the following kinetic studies. First, respective citral isomers (neral and geranial) were isolated by preparative HPLC and used for reactions. PgOPR1 and 3 accepted both isomers, and apparently preferred neral as these enzymes showed lower K m and higher k cat values for neral than for geranial (Table 1) . It was also notable that for the neral reducing reactions, PgOPR1 showed a ~20 fold higher catalytic efficiency (k cat /K m ) than that of PgOPR3, indicating that PgOPR1 is a better catalyst with respect to neral reduction. As previously reported for various OPRs and related enzymes [13] , PgOPR1 reduced (S)-carvone and (E)-cinnamaldehyde, typical cyclic monoterpene and phenylpropane compounds, suggesting its promiscuous substrate selectivity although the catalytic efficiencies were low to modest (Table 1 ). PgOPR3 also accepted (S)-carvone, but did not reduce (E)-cinnamaldehyde. Thus, the active site architecture of PgOPR3 would be somewhat different from that of PgOPR1.
Of most interest was that PgOPR1 and 3 could catalyze reduction of the double bond in methacrolein, a typical reactive carbonyl compound, known as a major component of aerosol and haze [31, 32] . As shown in Figure 7 , the reduced product isobutyraldehyde was clearly detected as its DNPH derivative [33] on a reversed phase HPLC analysis, and further identified by obtaining its ESI-MS. Although the K m values of PgOPR1 and 3 for methacrolein were not very low, these enzymes exhibited several fold higher k cat /K m values for this substrate compared with those for neral, because of the rapid turnover from methacrolein to isobutyraldehyde (Table 1) . Therefore, among all substrates tested here, a small aldehyde, methacrolein, seemed to be the best substrate for PgOPR1 and 3. It has been reported that Cucumis sativus NADPH-dependent alkenal/one oxidoreductase (CsAOR) could reduce acrolein and related α,β-unsaturated small aldehydes into saturated aldehydes like in the methacrolein reduction by PgOPRs. However, this enzyme has little sequence similarity with OPR enzymes [33] . Methacrolein and acrolein, mainly resulting from the oxidation of plant-derived isoprene and lipid [34, 55] , respectively, are ubiquitous environmental pollutants, and are frequently called reactive carbonyl species (RCS) because of their highly reactive characteristics. These RCS are strong electrophiles reacting with nucleophiles, such as the sulfhydryl group of cysteine, the imidazole group of histidine, and the amino group of lysine [34, 35] . This reactivity makes RCS toxic to living cells including plant cells. Elimination of RCS is therefore essential for maintaining cellular homeostasis. CsAOR described above has been identified as the most effective RCS scavenging enzyme in cucumber leaves [33] . With respect to OPR-related enzymes, notably, Trotter et al. [36] identified a mutant S. cerevisiae strain lacking an old yellow enzyme (OYE2) as being sensitive to acrolein toxicity, and the expression level of OYE2 correlates to the resistance to acrolein. This result indicated that OYE2 plays a major role in acrolein detoxification in S. cerevisiae probably via double bond reduction. The physiological functions of OYEs and OPRs are largely unknown, but these enzymes are thought to contribute to the scavenging of various biotic and abiotic environmental toxic compounds [13] . Thus, PgOPRs effectively catalyzing methacrolein reduction, might also participate in eliminating toxic compounds including RCS in the P. graveolens plant, and the expression levels of these enzymes might be regulated by environmental factors.
Based on the substrate specificity experiments, PgOPR1, a subgroup I OPR isozyme, effectively reduced both neral ((Z)-citral) and methacrolein into (S)-citronellal and isobutyraldehyde, respectively. The gene for this enzyme might be used in various applications in plant metabolic engineering to give a novel fragrance and to improve stress tolerance in the transgenic plants.
First, the heterologous expression of PgOPR1 in combination with geraniol dehydrogenase gene or solely PgOPR1 transgene expression in citral-rich plants such as lemon grass (Cymbopogon citratus) and lemon balm (Melissa officinalis) [37, 38] would create plants with novel fragrance based on citronellal [2] . In addition, it has been demonstrated that Damask rose phenylacetaldehyde reductase (PAR), involved in the biosynthesis of the scent compound 2-phenylethanol, can accept citronellal as a nonphysiological substrate to efficiently produce citronellol [39] . Thus, citronellol-producing pathway B in Figure 1 would be artificially established by metabolic engineering using PgOPR1 together with genes for geraniol dehydrogenase and PAR. This metabolic engineering will produce (S)-citronellol with high ee values because PgOPR1 predominantly produce (S)-citronellal as described above. P. graveolens essential oil contains (S)-citronellol as the major enantiomer; however, the reported (S) to (R) ee values are not very high (less than 65 %) [40, 41] . Notably, the odor property of (S)citronellol is regarded to be superior to that of (R)-citronellol; (S)citronellol shows very fresh, light, and clean rosy-leafy, petal-like odor, whereas the fragrance of (R)-citronellol is of course similar to (S)-isomer, but somewhat oily and irritating [2] . Therefore, citronellol produced by artificial pathway B utilizing PgOPR1 could be better material for essential oil preparation. It is needless to say, citronellol production would improve not only the fragrance property but also the self-defense potential of plants to predators such as insects as described above [6] [7] [8] [9] . Furthermore, as PgOPR1 effectively catalyzed methacrolein reduction, the transgenic plants expressing PgOPR1 would be more resistant to environmental stress compounds, including methaclorein.
In this study, we cloned and characterized novel OPR genes from P. graveolens. The recombinant PgOPRs did not catalyze geraniol to citronellol reduction, contrary to H. brasiliensis OPR, suggesting that geraniol reductase in the P. graveolens plant does not belong to the OPR family enzyme. In addition, although PgOPRs catalyzed the citral to citronellal reduction, the corresponding activity was not detected in the crude enzyme extract prepared from P. graveolens plants. Thus, we could not accomplish the initial goal of demonstrating the function of PgOPRs in the monoterpenoid metabolism, and the physiological roles of PgOPRs still remain to be further studied. However, it appeared possible that PgOPRs, especially PgOPR1, may be valuable tools for plant metabolic engineering because of their interesting catalytic properties.
Experimental
Plant materials and reagents: P. graveolens plants were cultivated at the Experimental Station for Medicinal Plant Research of University of Toyama. Chemical and biochemical reagents were purchased from Wako Pure Chemicals and Nacalai Tesque. Molecular biology reagents were from Takara Bio and Toyobo, unless otherwise stated. Geranial and neral were prepared as described below.
Transcriptome sequencing and selection of OPR candidate genes:
Total RNA was extracted from the young leaves of P. graveolens, using RNAqueous kit (Thermo Fisher Scientific), and the duplicated mRNA-Seq libraries were prepared by TruSeq TM RNA Sample Preparation kit according to the Low Throughput protocol (Illumina). The sequencing of the mRNA-Seq libraries was performed in each lane of a flow cell, using an Illumina Genome Analyzer IIx. The datasets consisting of 41.7 M and 40.9 M reads, respectively, were generated. The tagcleaner.pl perl script [42] on the custom-made bash script was used to trim the adapter sequences and base Ns from the reads ends. The resulting cleaned datasets were combined and assembled de novo into contigs, using the CLC Genomic Workbench software version 4.7.2 (CLC Bio) and different k-mer lengths from 25 to 95 with the ABySS v1.3.4 program [43] . The obtained contigs were reassembled into supercontigs and singlets by the PCAP program [44] , resulting in 388,310 cDNA contigs larger than 200 bp. The assembled cDNA contigs were used as the DNA database for local tBLASTn homology search, using BioEdit program version 7.2.5 (http://www.mbio.ncsu.edu/BioEdit /bioedit.html). The database queries detected three P. graveolens cDNA sequences coding for OPR candidates, termed PgOPR1-3, having considerable homologies to OPR cDNA sequences from other plants.
Oligonucleotide primers:
The following gene-specific oligonucleotide primers were purchased from Eurofins Genomics and used for amplification of the PgOPR gene fragments: a1 (5'-CTTGGCAAATCCAGATTTGC-3'), a2 (5'-CAGATTTGCCTAGG AGATTC-3'), a3 (5'-AAGCAC GGAAGTGAAGAAGA-3'), b1 ( 
' -G C T T C A G C A A T G A G T A A A C C -3 ' ) , b 2 ( ' -G A A A C C A C A G T T G C T T C G G A -3 ' ) , b 3 ( ' -A G G T G C C T T C G G T G A T G A G
A -3 ' ) , c 1 ( 5 ' -T CACCATCACGGATCCATGGGAAGCCACAGTGATGAGCC- 3'), c2 (5'-TCACCATCACGGATCCATGGGATCCCTAGCAGAC A-3'), c3 (5'-TCACCATCACGGATC CATGGCGCAAAAGTTGG GAC-3'),
d1 (5'-TCAGCT AATTAAGCTTTCAAGCAG T A T C T T C A A G A A A T G -3 '
) ; d 2 ( 5 ' -TCAGCTAATTAAGCTTTTAGGTAGTA CCGTTTTCA-3'); and d3 (5'-TCAGCTAATTAAGCTTTTAGAGG CGAGACAGTGCT-3').
Cloning of cDNAs encoding PgOPRs:
To obtain complete cDNA sequences, including untranslated regions, 3' and 5' rapid amplification of cDNA ends (RACE) reactions were conducted as previously described [45] . The cDNA template was prepared by reverse transcription of young leaf RNA, using reverse transcriptase and adapter-linked oligo dT primer (5'-GACTCGTCTAGAGGATC CCGT 17 -3'). The 3'RACE products for PgOPR1-3 genes were obtained using an adapter primer (5'-GACTCGTCTAGAGGATCC CG-3') and specific primers a1-3, respectively. The template for 5'RACE was prepared by polyadenylation of the cDNA, using terminal deoxynucleotidyl transferase in the presence of deoxyadenine. PCRs with adapter primer and specific primers b1-3 amplified the 5'RACE products for PgOPR1-3 genes, respectively. All RACE products were subcloned into pGEM-T vector (Promega), and sequenced on a 3130 DNA sequencer (Thermo Fisher Scientific). The full-length PgOPR1-3 coding sequences were amplified with primers c1-3 and d1-3, respectively, and subcloned into a bacterial expression vector pQE-80L predigested with BamHI and SalI, using the In-Fusion HD cloning reagent (Takara Bio). The expression vectors were designed to express the recombinant proteins with an N-terminal hexahistidine tag.
Multiple alignment and phylogenetic tree analyses of OPR amino acid sequences:
Multiple alignments of OPR amino acid sequences was made using Clustal W program [46] . A neighbor-joining phylogenetic tree of OPR-related amino acid sequences was drawn by 1,000 bootstrap tests with p-distance matrix, using MEGA6.06 software [47] .
Expression and purification of the recombinant PgOPRs: E. coli
M15 cells harboring the recombinant pQE-80L plasmids were cultured in liquid LB medium (1,000 mL) containing 25 μg/mL kanamycin and 100 μg/mL ampicillin. When the optical density of the culture at 600 nm reached 0.6, isopropyl-β-D-thiogalactoside (0.5 mM) was added to the culture to induce recombinant protein expression. After incubation at 25°C for 5 h, the cells were harvested by centrifugation, resuspended in 50 mL of buffer A (20 mM Tris-HCl (pH 7.5) containing 0.1 M NaCl and 1 mM β-mercaptoethanol) and disrupted by sonication. The homogenate was centrifuged at 20,000 × g for 20 min to remove insoluble materials. The supernatant was applied to a column (1.0 x 2.5 cm) containing Ni Sepharose 6 Fast Flow (GE Healthcare) equilibrated with buffer A. After sample application, non-specifically bound proteins were removed with 10 column volumes of buffer A containing 50 mM imidazole. Then, hexahistidine-tagged OPR proteins were eluted with three column volumes of buffer A containing 250 mM imidazole. The purity of recombinant proteins was verified by SDS-PAGE analysis [48] . The protein concentration was measured following the Bradford method [49] .
Standard enzyme assays using GC-MS:
The assay mixture consisted of a total volume of 500 μL, containing 100 mM potassium phosphate (pH 7.0), 1 mM substrate (geraniol or citral), 1 mM NADPH, and 20 μg of purified PgOPR protein. Control assays were prepared without NADPH. After incubation at 30°C for 2 h, the reaction was stopped by vortexing with 500 μL of n-hexane.
The n-hexane solution was concentrated to approximately 10 μL under nitrogen flow, and analyzed by GC-MS (Shimadzu, GCMS-QP5000), equipped with a SPB-1 column (0.32 mm × 30 m, Supelco). Each sample was injected at 50°C in the splitless mode. After 1-min hold, the oven temperature was increased at 5°C/min to 100°C and then raised at 20°C/min to 280°C. The carrier flow speed (He) was set at 30 cm/s. The injection port and the interface temperature were adjusted at 250°C. Reaction products were identified by comparing their retention times and mass spectra with those of authentic samples.
Enantiomeric determination of enzymatically-synthesized citronellal: Chiral separations of citronellal enantiomers, enzymatically synthesized from citral, were performed on the same GC-MS instrument equipped with a β-DEX225 capillary column (0.25 mm × 30 m, Supelco). Injector and interface temperatures were both 250°C. The oven temperature was maintained at 95°C during the analyses. Helium was used as a carrier gas at a flow rate of 25 cm/s. Masses between 40 and 300 m/z were recorded. (S)-and (R)-citronellal (Sigma-Aldrich) were used as standards.
Isolation of geranial and neral from citral: Geranial and neral were isolated from citral (Sigma-Aldrich) by preparative HPLC, as described by Müller et al [29] . HPLC system was composed of a CCPM pump and a UV-8020 absorbance detector (Tosoh), equipped with a Cosmosil 5C18 MS (4.6 × 150 mm, Nacalai Tesque) column. Citral isomers were separated by isocratic elution using 60 % aqueous acetonitrile at a flow rate of 1.0 mL/min monitored at 254 nm. Then, fractions containing respective isomers were collected, extracted with n-hexane, and the solvent was evaporated. The purity and identity of geranial and neral were confirmed by GC-MS analysis as above, using a MS data library (NIST02, National Institute of Standards and Technology).
HPLC enzyme assays for substrate specificities and kinetic analyses:
Geranial, neral, (E)-cinnamaldehyde, and (S)-carvone were readily separated and detected as clear peaks under the HPLC conditions described above. Thus, the enzyme activities of PgOPRs for these substrates were evaluated based on the decrements of peak areas of the substrates, and compared with those of control reactions without NADPH, on HPLC analyses. The enzyme assays were performed in a manner similar to the standard assay conditions, terminated by adding 500 μL of methanol, and 50 μL aliquots were analyzed by HPLC. The peak decrements were quantified by using calibration curves of each standard compound.
In the case of the reaction from methacrolein, the reaction product isobutyraldehyde was analyzed by the same HPLC after preparing its 2,4-dinitrophenylhydrazine (DNPH) derivative, as described by Yamauchi et al [33] . The DNPH-isobutyraldehyde was further identified by an LC-ESI/MS system (Thermo Fisher Scientific) composed of an Accela 600 HPLC pump and an LTQ-Orbitrap-XL mass spectrometer. The column and mobile phases were the same as those used for HPLC analyses. The reaction product was ionized in the negative ion mode with a scan range from m/z 100 to 500.
For the kinetic analyses, the enzyme activities were evaluated by HPLC assays using various concentrations of the respective substrates as follows: 25-250 μM for geranial, neral, (E)cinnamaldehyde, and (S)-carvone; 100-1,000 μM for methacrolein. The kinetic constants were calculated by fitting the velocity data at each substrate concentrations to Hanes-Woolf plots [50] .
